We have developed a single-mode microwave reactor for continuous-flow synthesis with various methods of operation. This device measures the resonant frequency and modulates the oscillation frequency accordingly to maintain the maximum electric field intensity in the cavity. It can be operated either using constant applied irradiation power or using new programs which change the electric power (E-GRA) and change the flow rate (Fl-GRA), in order to rapidly screen various reaction conditions. As a model reaction, the Claisen rearrangement reaction of allyl 1-naphthyl ether 1 was rapidly optimized in this device, affording the desired product 2-allylnapthalen-1-ol 2 in high (91%) yield and up to 20 g/h productivity.
Introduction
Conventionally, organic reaction systems are heated by external heaters such as oil baths. However, over the last 30 years microwave (MW) heating has been utilized [1, 2] due to its advantages such as non-contact heating (which reduces the overheating of material surfaces), energy transfer instead of heat transfer (penetrative radiation) and material selectivity. Moreover, MW heating has the ability to rapidly heat or cool mixtures, where and heat transfer can benefit from the transport of heat from the interior of the reactor outward, instead of the transport of heat from the surface of reactor inward [3] . MW heating often gives higher yields and purities of products in shorter time periods than conventional heating [4] . Hence, the number of reports on organic synthesis using MW heating has grown in the past decades [5, 6] .
The MW oscillator is either a magnetron or a solid-state device, which differ in their profile of emitted frequencies and output power. Whilst the magnetron is capable of several hundred watts of MW power, it emits numerous MW frequencies over a broad distribution and the frequency cannot be controlled. Regarding MW-assisted chemical reactions, magnetron oscillators have typically been utilized. The cavity which accepts the MW irradiation is either a multimode or single-mode cavity. Multimode cavities work by accepting the broad range of MW frequencies emitted by the magnetron at various orientations (modes) and allowing them to distribute randomly within the cavity [7, 8] . Single-mode cavities work by generating a definable MW waveform [7] [8] [9] [10] [11] . Compared to multimode cavities, single-mode cavities have higher energy efficiency and well-defined electromagnetic fields which can be matched to the reactor vessel geometry and position.
Several batch reaction-type MW reactors have been commercially available since 1997 [12] [13] [14] [15] . These reactors use a magnetron oscillator to irradiate a load within either a multimode or a single-mode cavity. Under multimode irradiation, it is difficult to control local temperature distribution due to the unknown and uneven distribution of the MW intensity. In some cases, MW energy does not propagate through the load and is instead reflected and converted into undesired Electronic supplementary material The online version of this article (https://doi.org/10.1007/s41981-018-0021-6) contains supplementary material, which is available to authorized users. forms of energy. On the other hand, single-mode irradiation harnesses a greater proportion of the energy distribution and in a well-designed reaction vessel, energy can be efficiently propagated. In either case, however, it is difficult to scale up MW-mediated syntheses from laboratory scale to production scale simply by using a larger reactor. This is because (1) the penetration depth of microwaves into the absorbing target is restricted and (2) if the reaction is carried out under high pressure, there can be a significant danger of the reaction vessel undergoing malfunction and/or rupture. Notably, a continuous-flow approach bypasses both problems.
Continuous-flow processing has shown benefits over batch processing mode in terms of environmental impact, efficiency and safety [16] . By combining a continuous-flow system with MW heating, it is possible to scale up MW chemistry without necessarily increasing the size of the reaction vessel. The synergy of MW heating and flow chemistry was pioneered by Strauss et al. [17, 18] and Wang et al. [19] almost three decades ago. Initial efforts used a commercially available MW oven fitted with a reaction tube for flow. Such systems were expected to become powerful tools in organic synthesis [18] . Indeed, there have been several reports on organic synthesis in this context such as Pd-catalyzed C-C bond formations [20] [21] [22] [23] [24] , biodiesel synthesis [25] [26] [27] [28] [29] and others [30] [31] [32] [33] , using a flow-type MW device. Flow-type MW heating in a microcapillary reactor has also been utilized in various reactions [34] [35] [36] [37] . Recently, several reactions were demonstrated on gram/h scale by placing a custom-made flow cell within a commercially available MW device [38] [39] [40] [41] [42] [43] . Commercially available MW flow reactors are also available [15, 44] . However, the distribution of electromagnetic field in these commercial devices is poorly characterized, so the irradiation distribution is hard to define. If the distribution of the electromagnetic field within the cavity is known, it is possible to efficiently and reproducibly irradiate a reaction vessel at the same position with the same MW power in order to realize the reproducibility of the target reaction.
We previously reported a single-mode MW device for continuous-flow synthesis (MW flow reactor), with a resonator in which the electric field is well-amplified and wellcharacterized [45] . The MW generator is a solid-state device which generates a uniform electromagnetic field within the cavity. Tuning of the irradiation frequency uses a technology which adjusts the frequency for detected electric power in the resonator to be maximized. Moreover, the reactor can tolerate high pressures (MPa) and allow the straightforward and safe operation of reactions at temperatures above the boiling point at normal pressure. We previously demonstrated the syntheses of carbazole derivatives [45] and the Diels-Alder reactions of fullerenes with indene derivatives [46] using this apparatus. Ley et al. have used it in the syntheses of β-lactams [47] . Very recently, further applications of this device to other classes of reactions have been disclosed [48] [49] [50] [51] [52] . These reactions all required elevated conditions of temperature and pressure and were ideally suited to scale-up in the aforementioned MW flow reactor.
Compared to conventionally-heated stainless-steel coil flow reactors [53] [54] [55] , the MW flow reactor benefits from 1) faster data acquisition toward optimization, by virtue of the ability to rapidly heat or cool mixtures under MW irradiation [46] and 2) negligible thermal expansion (even up to 270°C) due to the lower coefficient of thermal expansion of reactor material (Duran) combined with engineering controls [46] . Thermal expansion has been shown to result in up to ca. 40% larger collected reaction mixture volume than expected when operating at elevated temperatures (up to 300°C) in a stainless-steel coil flow reactor [56] . Moreover, reports of thermal and nonthermal MW heating effects [5] which benefit reaction conversion may be realized in this device.
The Claisen rearrangement is another class of reaction which generally requires high temperature and has previously benefitted from conventionally-heated flow reactors [57] [58] [59] . Herein, we report the incorporation and application of new operation programs into this MW flow reactor, which either 1) hold the flow rate constant and vary the applied MW power (E-GRA) or 2) hold the MW power constant and vary the flow rate (Fl-GRA). Thus, many reaction conditions can be rapidly screened in a short time allowing optimum reaction conditions to be quickly identified. The Claisen rearrangement of an allyl 1-naphthyl ether 1 was chosen as a model reaction for this study [60] .
Results and discussion
The MW flow reactor is composed of a power supply, MW irradiation unit and cavity (TM 110 type rectangular resonant cavity: 79 mm × 81 mm × 100 mm), a pumping unit capable of flow rates up to 2 x 9.9 mL/min and a personal computer (PC) controlling the device (for an image of the complete setup, see Supporting This device has a built-in resonance frequency measurement system and a solid-state oscillator controlled by an algorithm that modulates the resonance frequency, so that the electromagnetic wave intensity in the cavity is maintained at the maximum. The exit temperature of the reaction solution is directly measured using a thermocouple installed at the outlet of the flow channel, set at a position which does not interact with the microwaves in the cavity. In summary, the present device can monitor and control the MW irradiation power, the reflected power, the electric field in the cavity, the pressure of the reaction solution and the exit temperature of the reaction solution at the outlet of the flow channel in real time.
First, the resonant frequencies and electric power reflectances of the cavity containing the helical tubular flow channel filled with various solvents were measured at room temperature by the MW flow reactor's in-built 'Peakfinder' function. Table 1 show all measured resonance frequencies within the 2.40 to 2.50 GHz operational range of the MW flow reactor. The difference in electric power reflectance is caused by dielectric loss, ε r^o f the solvents. A small ε r^v alue corresponds to high reflectivity. The electric power propagation was efficient across the board, even for o-xylene which gave 27.8% reflectance. CPME is an acyclic ether solvent that can be used as a replacement for diethyl ether in a wide temperature range from −140°C to 106°C [61] . It is easy to remove due to its low latent heat of evaporation, has a high ability to solubilize various organic substances and has high stability without producing peroxide. The ε r '-jε r^v alue of CPME at 2.45 GHz was 4.38-j0.17 and the reflectance in this system was 17.5%. Hence, CPME is a low polarity solvent whose MW heating is challenging due to low MW absorption. Therefore, heating of CPME was attempted using this device.
Solvents measured included those of high-polarity like dim e t h y l s u l f o x i d e t o t h o s e of l ow -p o l a r i t y li k e decahydronaphthalene. The results in
The measured temperature profile of CPME by MW heating is shown in Fig. 2 . The heating was carried out under a constant flow rate and constant applied power (ISO method). The volume of the flow channel is 1.0 mL, resulting in a residence time of (R T = )1 min when the flow rate is 1.0 mL/min. After eight residence times, (8 x R T ) at 45 W MW irradiation, the temperature stabilized at 208.1°C. The boiling of CPME was prohibited by the back pressure regulator set to 2.5 MPa.
Next, to control the temperature of the flow channel, heating was carried out under a constant flow rate and stepped applied power (E-GRA method). The temperatures at each applied power are shown in Fig. 3 . When the power increase of each step was from 20 to 80 W in 5 W steps, the temperature increase was ca. 17°C and the temperature became steady after 3 min without overheating (see Supporting Information, SI-2-1).
As the applied power of the MW increased, the temperature of the CPME first increased almost proportionally, reaching about 270°C at 60 W. At higher applied MW powers, the temperature was almost steady and is presumed to be the boiling point of CPME at 2.5 MPa [62]. The above data show that CPME can be heated to very high temperatures (270°C) The throughput of a flow reactor can be increased by increasing the flow rate, in principle increasing the productivity with a fixed reactor size. However, at high flow rates, a temperature decrease can accompany the increased throughput, which may decrease conversion of the reaction. To balance the throughput and conversion, heating was carried out under constant applied power (50 W) and stepped flow rate (decreasing from 2.4 to 0.6 mL/min by 0.2 mL/min every 10 min, Fl-GRA method) under a back pressure of 2.5 MPa. The stabilized temperatures at each flow rate are shown in Fig. 4 (see Supporting Information SI-2-2). As the flow rate declined, the temperature of CPME in the flow channel increased. The rate of temperature change was small because heat dissipation was very fast at such high temperatures.
Next, we tested the Claisen rearrangement of allyl 1-naphthyl ether 1 as a model reaction using this system (Scheme 1) [63, 64] . The Claisen rearrangement of an allyl aryl ether generally requires an elevated temperature for an extended reaction time [57] [58] [59] . The current system was envisaged to efficiently heat the reaction solution to a high temperature in a short time by using direct MW heating. The benefits of this machine towards rapid screening and identification of optimal reaction conditions have been highlighted by recent studies [45, 46, 50, 51] .
First, the E-GRA method was used to identify a suitable reaction temperature. A CPME solution of 1 (50 mM) was heated by MW with the applied power increasing from 34 to 60 W in 2 W steps, under the flow rate of 1.0 mL/min and a back pressure of 2.5 MPa. As the applied power increased, the conversion of 1 increased as the stabilized temperature gradually increased from 163.5°C to 263.5°C. The stabilized temperature and the yields of compounds 1-3 at each step are shown in Fig. 5 (see Supporting Information SI-5-1).
With an applied power of 60 W, the temperature of the solution reached 264°C and the conversion of 1 was 98.7%, indicating that the reaction proceeded almost quantitatively at the corresponding residence time (R T = 1 min). Traces of unreacted 1 (1.3%), in addition to the o-Claisen rearrangement product 2-allyl-1-naphthol (2) (86.3%) and a small amount of p-Claisen rearrangement product 4-allyl-1-naphthol (3) (3.3%) were observed in the reaction mixture. In Claisen rearrangements of allyl aryl ethers, the o-Claisen rearrangement product often undergoes enolization to give an o-allyl phenol derivative [65, 66] . Moreover, it is known that the p-Claisen rearrangement product occurs for allyl aryl ethers with substitution at the o-position via Cope rearrangement of the enol intermediate [67] . A previous study showed that the reaction of 1 produces both 2 and 3 [67] .
In the E-GRA experiment, 14 reaction conditions at different temperature were examined within only 3.5 h and the effect of temperature on the yields of 1, 2 and 3 was successfully investigated. The yield of 2 increased as the temperature of the solution increased. On the other hand, the yield of 3 first gradually increased with the temperature, reaching a maximum value at 227.4°C and then declined. Access to intermediate 5 would involve dearomatization of the two aromatic rings instead of one, thus it is proposed that rearrangement via intermediate 4 takes precedence. Subsequent enolization proceeded rapidly and ortho-rearranged 2 was obtained as the Fig. 3 Temperature of CPME at each applied power in the E-GRA method. MW power increased in 5 W steps within the range of 20-80 W, at a flow rate of 1.0 mlL/min and under back pressure of 2.5 MPa Fig. 2 Heating curve of CPME when irradiated with MW in the ISO method for up to 30 min. Flow rate: 1.0 mL/min, back pressure: 2.5 MPa, applied power: 45 W Fig. 4 Temperature of CPME at each flow rate by Fl-GRA method. Flow rate: from 2.4-0.6 mL/min stepwise by 0.2 ml/min every 10 min, applied power: 50 W, back pressure: 2.5 MPa main product. As the temperature increases, the rearrangement of intermediate 4 to intermediate 6 increases the amount of product 3 to a certain threshold (227.4°C). However, under higher temperatures, the mass balance remains relatively constant and the increasing yield of 2 cannot be explained solely by the conversion of substrate 1 and is accompanied with a decreasing yield of 3. Presumably, this is due to the known reversibility of this reaction [61] giving rise to 2 as the thermodynamic product. In this reaction, it was found that the production amount of 3 varies depending on the reaction temperature (Scheme 2).
Subsequently, we investigated the influence of the flow rate on the Claisen rearrangement of 1 using the Fl-GRA method. The CPME solution of 1 (50 mM) was irradiated under an applied MW power of 50 W and a back pressure of 2.5 MPa whilst the flow rate was decreased from 2.2-0.6 ml/min in steps of 0.2 mL/min. The yields of 1-3 at each step are displayed in Fig. 6 . As the flow rate decreased, the temperature of the solution gradually increased from 163.5°C to 263.5°C (see Supporting Information SI-5-2).
As the flow rate decreased, both the residence time of the solution and the temperature increased. Therefore, the conversion of 1 and the yield of 2 increased as the solution temperature rose (Table SI-5) . On the other hand, the yield of 3 at its maximum at the flow rate of 1.0 mL/min (225°C) and decreased at flow rates slower than 1.0 mL/min (and higher temperatures than 225°C). This is the same trend as the E-GRA method, which gave the maximum yield of 3 at the same specific temperature (ca. 226°C). When the residence time was longer, the reaction selectivity favoured 2. At the lowest flow rate of 0.6 mL/min, the temperature became ca. 232°C and 1 reacted completely. We found that the reaction was accelerated by the temperature rises as a result of (and possibly in addition to) the longer residence times employed.
Next, the concentration of 1 in the solution was increased from 0.05 to 2.0 M in order to increase the g/h productivity. The other conditions were: an applied MW power of 50 W, a flow rate of 1.0 mL/min and a back pressure of 2.5 MPa in ISO mode. As the concentration of 1 increased, the temperature of the solution increased slightly as shown in Fig. 7 (see Supporting Information SI-5-3). Furthermore, the conversion of 1 and the yield of 2 increased, while the yield of 3 decreased. At a concentration of 2.0 M, the temperature reached was 232.8°C and the yield of 2 was 96.3%.
To explain the observed influence of reactant concentration, the εr'-jεr^values of the solutions were measured. As shown in Table 2 , an increasing concentration of 1 leads to an increasing tan δ at 2.45 GHz (at 2.0 M, the tan δ is similar to that of H 2 O). This suggests that a more concentrated reaction solution exhibits stronger MW absorption which explains the observed temperature increase with higher concentration of 1 in Fig. 7 , despite identical irradiation power. Such behavior demonstrates the selective heating of molecules of 1 over CPME; at the same overall reaction temperature, the substrate molecules experience a greater proportion of the heating. This highlights the advantage of MW heating toward large-scale operations, where larger tube diameters and faster flow rates (for example, using laminar flow) would suffer inferior heat transfer from conventional heating [68, 69] . Toward industrial-scale applications, larger version MW-flow reactors are available, with 2 pumps capable of delivering up to 50 mL/ min flow rates (100 mL/min in total) through a 6.0 mL helical tube reactor. Systems capable of 250 W MW input power are currently in development. Scale-up becomes possible by increasing the flow rate for a given residence time. Extension of the residence time can be achieved by lengthening or widening the reaction tube within the MW cavity. Due to the MW intensity distribution being maximized at the center of the cavity, increasing the winding density of the coiled reactor tube would be an effective method. An additional increase in channel volume can be realized by increasing the cavity length or by stacking multiple cavities in series.
Based on the above findings, the operation time for the Claisen rearrangement of 1 was extended under the appropriate conditions (2.0 M, 50 W, flow rate 1.0 mL/min, back pressure 2.5 MPa). A solution containing 11.1 g of 1 was processed over 30 min at 259.9°C. The crude yields of 2 and 3 were 91.3% and 2.6%, translating to productivities of 20.26 g/h and 0.29 g/h, respectively. The isolated yields of 2 and 3 after purification were 9.17 g (82.6%) and 0.29 g (2.6%), respectively. Thus, scalability of the Claisen rearrangement of 1 was demonstrated in the MW flow applicator as well as the ability to safely execute the process at a temperature > 100°C higher than the b.p. of the solvent (CPME) over an extended operation time. Regarding scalability, the g/h productivity and employed flow rate of the MW flow Claisen rearrangement herein are similar to (or superior to) previously reported Claisen rearrangements in conventionally-heated flow reactors [57] [58] [59] . 
Conclusion
A continuous-flow MW device (MW flow reactor) was developed with adjustable applied MW power and flow rate, which was applied to the Claisen rearrangement reaction of allyl 1-naphthyl ether as a model reaction. The effects of MW power, flow rate and reactant concentration on the yield and productivity were examined. By virtue of the ability to rapidly change reaction temperature by MW heating, combined with the ability of continuous-flow to quickly screen different reaction conditions, the optimal reaction temperature was swiftly identified by screening 14 different temperatures in just 3.5 h. Prolonged continuous operation was performed under the determined optimum reaction conditions, to demonstrate scalability and viability toward production. Finally, whilst it is generally thought that solvents with poor MW absorption (low ε r ') are unsuitable for MW reactions, our system successfully heated CPME solvent up to 260°C in a safe manner in continuous-flow. Application of this device to other organic reactions, as well as the influence of substrate-selective heating detected herein on the reaction conversion are topics currently under investigation.
Experimental section

General information
All reagents and solvent are commercially available and were used without further purification. 1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AVANCE III 400 MHz using tetramethylsilane (TMS) as internal standard in chloroform-d (CDCl 3 ). The purification of reaction mixture was performed by recycling gel permeation (GPC) chromatography (chloroform as eluent, Japan Analytical Industry Co., Ltd.).
Synthesis of 1
Compound 1 was prepared according to a literature procedure [70] . 
Configuration of a flow type microwave reactor
The output power of this system is 10 to 100 W where microwaves can be irradiated continuously. The flow system is equipped with a back pressure regulator after the reactor and a cooling coil, so that the pressure of the flowing solution can be set between 1.0-3.0 MPa. When the pressure was below 1.0 MPa, MW irradiation was stopped in order to prevent bumping of the solution. The upper and lower-limits of the settable flow rate were 0.1 to 9.99 mL/min.
Measurement of resonance frequency and reflectance
The resonance frequency and reflectance of each solvent at room temperature were measured as follows. The helical tubular reactor was filled with solvent, plugged in the upper and lower entrances and set at the center of the cavity. In order to adjust the resonance frequency, a cylindrical borosilicate (Duran) tube (outer diameter: 20 mm, inner diameter: 17.6 mm, length: 140 mm) was placed around the helical reactor. Then, the resonance frequency and reflectance were measured using the 'Peakfinder' function of the flow-type MW reactor.
Microwave irradiation of CPME using ISO method
The applied power, flow rate and back pressure were set to 45 W, 1.0 mL/min and 2.5 MPa, respectively. After filling the flow path with CPME, the flow was started and the back Microwave irradiation of CPME using E-GRA method
After filling the flow path with CPME, CPME was flowed at a rate of 1.0 mL/min and a back pressure of 2.5 MPa. The MW was applied with the initial power setting (20 W) . The E-GRA test was started upon reaching stable temperature. Under this method, the power of the MW irradiation was increased stepwise by 5 W every 15 min from 20 to 80 W.
Microwave irradiation of CPME using Fl-GRA method
After filling the flow path with CPME, CPME was flowed at an initial flow rate of 2.4 mL/min under an output electric power of 50 W and a back pressure of 2.5 MPa. After the MW application was started and the temperature stabilized, the Fl-GRA method was carried out. In this method, the flow rate was decreased from 2.4 to 0.6 mL/min in steps of 0.2 mL/ min every 10 min.
Microwave irradiated reaction of 1 in CPME solution using E-GRA method
The reactant 1 (M.W. = 184.23, 2.763 g, 15.0 mmol) was dissolved in CPME (300 mL) to prepare a 50 mM solution of 1. After the flow path was filled with CPME only, CPME was flowed at a rate of 1.0 mL/min and a back pressure of 2.5 MPa. The MW was applied with the initial power setting (20 W). After the temperature stabilized, the flow path was switched to CPME solution of 1 (50 mM) and was discarded for the same volume as the entire flow path (ca. 8 mL) before the E-GRA mode was started. The power of MW irradiation was increased stepwise by 5 W every 15 min from 34 to 60 W. After each change in the applied power and reaching stable temperature, the initial 9 mL reaction solution was discarded and then 5 mL of subsequent solution was collected and used for yield determination. To these 5 mL aliquots collected at different temperatures were added 0.5 mL aliquots of 1,3,5-trimethoxybenzene solution in acetonitrile (500 mM) as an internal standard to match the initial material (1 eq.) and then the solvent was removed in vacuo. The recovery ratio of 1 and the yields of 2 and 3 were calculated by the 1 H NMR spectrum of the crude reaction mixture.
Microwave irradiated reaction of 1 in CPME solution using Fl-GRA method
The reactant 1 (2.763 g) was dissolved in 500 mL of CPME (50 mM). The flow rate was decreased from 2.2 to 0.6 mL/min stepwise by 0.2 mL/min every 10 min using the Fl-GRA method. The flow path was filled with pure CPME, then CPME flow was started at the set initial flow rate of 2.4 mL/ min and back pressure of 2.5 MPa. MW irradiation was started at an applied power of 50 W. After the temperature stabilized, the liquid was switched to CPME solution of 1 (50 mM). After each change in the applied power, the initial 9.5 mL of the reaction solution was discarded and then 5 mL of solution was collected and used for yield determination. To these 5 mL aliquots collected at different temperatures were added 0.5 mL aliquots of 1,3,5-trimethoxybenzene solution in acetonitrile (500 mM) as an internal standard to match the initial material (1 eq.) and the solvent was removed in vacuo. The recovery ratio of the starting material 1 and the yields of 2 and 3 were calculated by the 1 H NMR spectrum of the crude reaction mixture.
Microwave irradiation of CPME solutions of 1 at various concentrations using ISO method
The reactant solutions (1 in CPME at 50 mM, 100 mM, 200 mM, 500 mM, 1.0 M and 2.0 M) were prepared with a volume of 50 mL each. The reaction conditions all used MW power of 50 W, ISO mode, a flow rate of 1.0 mL/min and a back pressure of 2.5 MPa. CPME was flowed and irradiated until constant temperature was achieved. Then, the flow of CPME solution of 1 was started and was discarded for the same volume as the entire flow path (ca. 8 mL) and then 5 mL of subsequent solution was collected. To these 5 mL aliquots collected at different temperatures were added 0.5 mL of 1,3,5-trimethoxybenzene solution in acetonitrile (500 mM) as an internal standard to match the initial material (1 eq.) and the solvent was removed in vacuo. The recovery ratio of the starting material 1 and the yields of 2 and 3 were calculated by the 1 H NMR spectrum of the crude reaction mixture.
Microwave irradiation of CPME solution of 1 for 30 min using ISO method
The solution of 1 in CPME was prepared (2.0 M, 80 mL). The reaction conditions used MW power of 50 W, ISO mode, a flow rate of 1.0 mL/min and a back pressure of 2.5 MPa. CPME was flowed and the 50 W MW irradiation was used to achieve constant temperature. Then, the flow of a CPME solution of 1 was started and was discarded for the same volume as the entire flow path (ca. 8 ml). Then, 30 mL of the reaction solution was collected over 30 min. To this 30 mL aliquot was added 1,3,5-trimethoxybenzene solution in acetonitrile (500 mM) as an internal standard so as to match the initial material (1 eq.) and then the solvent was removed in vacuo. The recovery ratio of the starting material 1 and the yields of 2 and 3 were calculated by the 1 H NMR spectrum of the crude reaction mixture. The crude reaction mixture was then purified by GPC to determine the isolated yields of compounds 1-3.
Measurement of permittivity
A network analyzer (Rohde & Schwarz ZVB14, 10-14 GHz) was used to determine the permittivity of samples. The complex relative permittivity (ε r *) was determined by the coaxial probe method using the ε r and tan δ measurement system (Keycom Corp.). The real and imaginary parts of ε r * are equivalent to ε r ' and ε r^, respectively. The dielectric and the dielectric loss (tan δ) is estimated by ε r^/ ε r '.
